Efficient photosynthesis depends on maintaining a balance between the rate of light-driven electron transport occurring in the reaction centres of the two photosystems (PSI and PSII) located in the chloroplast thylakoid membranes. Balance is achieved through a process of 'state transitions' that increases energy transfer towards PSI when PSII is overexcited (State II), and towards PSII when PSI is overexcited (State I). This is achieved through redox control of the phosphorylation state of light-harvesting antenna complex II (LHCII). PSI is served by both LHCII and four light-harvesting antenna complex I (LHCI) subunits, Lhca1, 2, 3 and 4. Here we demonstrate that despite unchanged levels of LHCII phosphorylation, absence of specific Lhca subunits reduces state transitions in Arabidopsis. The severest phenotypeobserved in a mutant lacking Lhca4 (ΔLhca4)-has a 69% reduction compared with the wild type. The amounts of the PSI-LHCI-LHCII supercomplex isolated by blue native polyacrylamide gel electrophoresis (BN-PAGE) from digitoninsolubilized thylakoids were similar in the wild type and ΔLhca mutants. Fluorescence excitation spectroscopy revealed that in the wild type this PSI-LHCI-LHCII supercomplex is supplemented by energy transfer from additional LHCII trimers in State II, whose binding is sensitive to digitonin, and which are absent in ΔLhca4. The grana margins of the thylakoid membrane were found to be the primary site of interaction between this 'extra' LHCII and the PSI-LHCI-LHCII supercomplex in State II. The results suggest that the LHCI complexes mediate energetic interactions between 'extra' LHCII and PSI in the intact membrane. . In the following study we investigated how loss
. 22 LHCII binds to PSII at three sites named S (strong), M (medium) 23 and L (loose) 10 . PSII assembles in vivo as a dimer binding two 24 copies each of the M and S trimers, forming the C 2 S 2 M 2 supercom-25 plex 10 . The S trimer is formed from Lhcb1 and 2 subunits, while the resulted in a strong reduction of the amount of their dimeric partners, 48 in both the PSI-LHCI supercomplex 26 and thylakoids 24, [27] [28] [29] [30] . In con- . In the following study we investigated how loss 1 of the Lhca 1, 2, 3 and 4 subunits affects state transitions in 2 Arabidopsis. The results demonstrate an unexpected role for LHCI 3 in energetically connecting LHCII to PSI in State II. 4 
Results
5 Loss of Lhca subunits impairs state transitions. State transitions 6 can be measured by pulse amplitude modulated (PAM) chlorophyll 7 fluorescence, using red (635 nm) and far-red (720 nm) light to 8 preferentially excite PSII and PSI respectively 1, 2 . Figure 1 compares 9 fluorescence traces for the wild type and mutants (ΔLhca1, ΔLhca2, 10 ΔLhca3 and ΔLhca4). The first part of the trace in which plants 11 were illuminated with both red and far-red light shows the 12 transients associated with the activation of electron transport and 13 the Calvin cycle. After 5 min the far-red light is switched off 14 causing a rapid rise in the fluorescence level (Fs). The Fs rise 15 results from less efficient quenching of the PSII antenna by 16 photochemistry due to over-reduction of the PQ pool. Throughout 17 the subsequent 20 min in the wild type, Fs gradually returns to a 18 value similar but not identical to that seen before the far-red light 19 was switched-off (Fig. 1a) . The fall in Fs is related to the state 20 transition, which increases the photochemical rate of PSI, thus 21 re-oxidizing the PQ pool. A saturating light pulse is then applied to 22 determine Fm′II (the maximum level of fluorescence in State II). 23 Following this cycle the far-red light is reapplied, and Fs rises 24 gradually over 20 min as LHCII is dephosphorylated and 25 reconnected to PSII. A second saturating pulse is then applied to 26 determine Fm′I. The mutants displayed a larger rise in Fs upon 27 removal of far-red light and a slower and less complete state 28 transition (Fig. 1b-f ). The severest state transition phenotype 29 (measured by the qT method
Q1
) is seen in ΔLhca4, which has just 30 31% of the wild-type level, compared with around 52-63% in 31 ΔLhca1, 2 and 3 (Table 1) . Consistent with the disruption to state 32 transitions, an increased reduction of the PQ pool is also observed 33 in the mutants (Table 1) . 34 Absence of Lhca subunits does not affect LHCII phosphorylation. 35 We tested the phosphorylation state of the thylakoid proteins in 36 State I or State II light conditions using the Diamond Pro-Q 37 Phospho stain. Both the wild type and mutants showed increased 38 phosphorylation of LHCII and the PSII core subunits D1, D2 and 39 CP43 in State II (Fig. 1g) . However, there was no significant 40 difference in the level of LHCII phosphorylation between the wild 41 type and mutants in either State I or II ( Fig. 1g and Supplementary 42 Fig. 1a) . Similar results were obtained by anti-phosphothreonine 43 antibody immunoblotting ( Supplementary Fig. 1b) . These results 44 imply that the deficiency in state transitions is not due to altered 45 activity of the STN7 kinase or PPH1/TAP38 phosphatase. 46 Loss of Lhca subunits impairs energy transfer from LHCII to PSI. 47 The antenna size of PSI in the wild type and mutants was 48 determined by measuring the photo-oxidation kinetics of the PSI 49 reaction centre (P700) using absorption spectroscopy (Fig. 2a,b) . 50 Fitting the curves with monoexponential functions showed the 51 PSI antenna size in State I was 84, 72, 82 and 55% of the wild 52 type in ΔLhca1, 2, 3 and 4 respectively ( Fig. 2a and are resolved in the BN-PAGE gel ( In State I ΔLhca1 and 3, band 2 migrates slightly further ( Fig. 3a) , 5 as expected for a PSI-LHCI complex lacking these specific Lhca 6 subunits 26 . A small amount of PSI cores lacking any Lhca subunits 7 (band 4) ( Fig. 3a and Supplementary Fig. 3b ,c) are also observed in 8 ΔLhca1 and 3, despite being virtually absent in the wild type. Upon 9 transition to State II a new band (band 1) appears ΔLhca1 and 3 10 above the PSI-LHCI band that is a PSI-LHCI-LHCII supercomplex 11 lacking the respective Lhca subunit in each case ( Fig. 3a and   12 Supplementary 3b,c). The situation in ΔLhca2 differs slightly. 1 to State II, band 1 appears in ΔLhca4, but migrating faster than in 2 the wild type, representing a PSI-LHCI-LHCII supercomplex 3 lacking Lhca1 and 4 ( Fig. 3a and Supplementary 3e). Band 2b 4 also increases at the expense of band 4 and this band now contains 5 LHCII, suggesting formation of a PSI core-LHCII supercomplex 6 lacking any Lhca proteins ( Fig. 3a and Supplementary Fig. 3e ). ΔLhca1, 2, 3 and 4 respectively (Fig. 3b) . The biochemical analysis 11 therefore shows that despite the strong reduction in state transitions 12 in the mutants, the amount of PSI complexes binding LHCII, as c, Low temperature (77 K) fluorescence emission spectra (435 nm excitation, spectra were normalized at 685 nm). d, PSI low temperature (77 K) fluorescence excitation spectra (735 nm emission, spectra were normalized at 705 nm). State I is shown in blue, State II in red. e, PSI-minus-PSII excitation difference spectra as labelled, the area underneath the spectra were scaled according to the 685/735 nm emission ratio. f, Relationship between the PSI and PSII excitation spectra difference at 635 nm in State II and the 1-qP value measured after 20 min of acclimation to red light (Table 1) . Supplementary Fig. 3 . c,d, Low temperature (77 K) fluorescence emission spectra (435 nm excitation, spectra were normalized at 685 nm) (c) and PSI low temperature (77 K) fluorescence excitation spectra (735 nm emission spectra were normalized at 705 nm) We next analyzed whether the increase in PSI antenna size in 4 State II, determined by excitation fluorescence and absorption spec-5 troscopy, could be explained by the amount of PSI binding LHCII 6 observed by the Digitonin BN-PAGE method. Assuming that the 7 in wild-type State I corresponds to the antenna size in the PSI-8 LHCI complex (155 chlorophylls) 22, 23 , then 55% of this is ∼85 chlor-9 ophylls for ΔLhca4. If 50% of this binds 42 extra chlorophylls (one 10 LHCII trimer) 32 then the increase would be 25%, consistent with the 11 23% rise observed (Fig. 2d) . In contrast, the 32% rise observed in 12 wild-type PSI antenna size in State II would imply an extra ∼1.2 13 trimers are bound per PSI. Clearly this is not observed by the 14 Digitonin BN-PAGE method where only ∼45% of PSI can be iso-15 lated with LHCII bound (Fig. 3b) . Therefore a clear discrepancy 16 emerges between the two sets of data. | PSI antenna size in wild-type grana and stromal lamellae membranes. a,b, Low temperature (77 K) fluorescence emission spectra (435 nm excitation, spectra were normalized at 685 nm) (a) and PSI low temperature (77 K) fluorescence excitation spectra (735 nm emission spectra were normalized at 705 nm) (b) of isolated wild-type State I (blue) and State II (red) grana and stromal lamellae compared to isolated PSI-LHCI (black) and PSI-LHCI-LHCII (grey) supercomplexes. c, State I-minus-State II excitation difference spectrum for grana (G) and stromal lamellae (SL) and relative differences compared to purified PSI-LHCI. d, P700 + formation kinetics (830-875 nm) measured by absorption spectroscopy on isolated grana and stromal lamellae.
1 to those obtained on intact thylakoids (Fig. 3d) . The results show 2 that the PSI antenna size is decreased by the digitonin treatment 3 by ∼50-60% in the wild type, but no clear decrease could be seen 4 in ΔLhca4 (Fig. 3d) . Therefore in the wild type there is a 5 population of LHCII transferring energy to PSI in State II, whose 6 connectivity is sensitive to digitonin and is absent in ΔLhca4.
7 'Extra' LHCII interacts with PSI in the grana margins. To 8 investigate the membrane location of the 'extra' digitonin-sensitive 9 fraction of LHCII bound to PSI, we fractionated the wild-type 10 digitonin-solubilized thylakoids by differential centrifugation to 11 obtain grana and stromal lamellae (Supplementary Table 1) . 12 These membrane fractions were then analyzed by 77 K 13 fluorescence emission and excitation spectroscopy (Fig. 4a,b) . The 14 PSII bands at 685 and 693 nm dominate the emission spectrum 15 of the grana with a smaller peak at 730 nm, belonging to PSI 16 located in the grana margins (Fig. 4a) . The intensity of the 730 nm 17 PSI band in the grana fraction increases upon transition to State 18 II (Fig. 4a) . When the excitation spectra for 735 nm PSI emission 19 in the State I and State II grana fractions are compared, a 37% 20 increase in PSI antenna size is observed in State II, slightly larger 21 than the 32% change averaged across the whole thylakoid 22 (Fig. 2d) . The emission spectrum of the stromal lamellae is 23 dominated by the PSI band at 732 nm, which increases in 24 intensity slightly in State II relative to the 685 nm PSII band 25 (Fig. 4a) . The 735 nm PSI excitation spectra of the stromal 26 lamellae show a smaller 14% increase in PSI antenna size in State II 27 (Fig. 4b) . The shape of the State II-minus-State I excitation 28 difference spectra for grana and stromal lamellae is consistent with 29 trimeric LHCII (Fig. 4c) . We compared the excitation spectra of 30 purified wild-type PSI-LHCI and PSI-LHCI-LHCII complexes to 31 those obtained for the grana and stromal lamellae (Fig. 4b) . The 32 PSI antenna size was similar in the isolated PSI-LHCI-LHCII 33 supercomplex and State II stromal lamellae, but was larger in 34 the grana (Fig. 4b) . The State II grana-minus-PSI-LHCI-LHCII 35 supercomplex difference spectrum demonstrated that this was due 36 to binding of 'extra' LHCII (Fig. 4c) . Surprisingly, in State I the PSI 37 antenna sizes in stromal lamellae and grana were both larger than 38 that of the isolated PSI-LHCI complex (Fig. 4b) . In the case of 39 the State I grana, the spectrum more closely resembled that of the 40 PSI-LHCI-LHCII supercomplex (Fig. 4b) . Again, the excitation 41 difference spectra showed features consistent with LHCII, though 42 they were slightly red-shifted, which may be due to the slight blue- 43 shift of the Qy maximum in the purified PSI-LHCI complex 44 (Fig. 4c) . The excitation data therefore suggest that PSI in the grana 45 margins receives more than 1 LHCII trimer per PSI as described by 46 the current model of state transitions 1 . Moreover, it seems that some 47 LHCII still transfers energy to PSI in the virtual absence of LHCII 48 phosphorylation. Finally, we checked the PSI antenna size in the 49 grana and stromal lamellae compared to purified PSI-LHCI by 50 P700 + absorption spectroscopy (Fig. 4d) . The PSI antenna size was 51 found to be 116% and 157% in States I and II in the grana and 52 107% and 116% in the stromal lamellae compared with the purified 53 PSI-LHCI complex (Supplementary . Therefore two 7 extra trimers per PSII exist in the membrane outside that found in 8 the C 2 S 2 M 2 PSII-LHCII supercomplex. Our results support the propo-9 sal that these extra LHCII trimers can transfer energy to PSII and PSI 10 in vivo with the balance dictated by the degree of phosphorylation 33 . 11 They also indicate that in the absence of Lhca subunits that energy 12 transfer from the LHCII 'lake' to PSI is perturbed, such that only the 13 tightly bound LHCII within the PSI-LHCI-LHCII supercomplex is 14 32 P700 + absorption measurements. P700 absorption was measured in the dual-33 wavelength mode (830-875 nm) of the Dual PAM 100. P700 + formation kinetics 34 were measured on isolated thylakoid membranes in the presence of 30 µM 3-(3,4-35 dichlorophenyl)-1,1-dimethylurea (DCMU), 100 µM methyl viologen and 500 µM 36 sodium ascorbate (for measurement of purified PSI complexes DCMU was omitted 37 and 0.01% n-dodecyl-α-d-maltoside added) to create a donor-limited situation. 38 Under these conditions the rate of photo-oxidation of P700 is directly proportional 39 to the PSI antenna size 43 . Traces were fitted with a single exponential functions and 40 the tabulated data is the average of 4 traces per sample. The light intensity was 41 29 µmol photons m −2 s −1 . PSI Antenna size calculated as (wild-type State I t ½ 42 ÷ sample t ½ ) × 100% expressed as a percentage of wild-type State I antenna size with 43 the assumption that all chlorophylls functionally connected to a reaction centre 44 contribute equally to P700 oxidation . Following light treatment 49 thylakoids were prepared from the plants according to the method of Järvi et al. 31 50 with the addition that 10 mM NaF was included in all buffers. Grana and stromal 51 lamellae were isolated from State I and State II thylakoids as described previously. characterization and structural interdependence of the Lhca proteins.
